To identify genomic regions affected by the rapid fixation of beneficial mutations (selective sweeps), we performed a scan of microsatellite variability across the Notch locus region of Drosophila melanogaster. Nine microsatellites spanning 60 kb of the X chromosome were surveyed for variation in one African and three non-African populations of this species. The microsatellites identified an 14-kb window for which we observed relatively low levels of variability and/or a skew in the frequency spectrum toward rare alleles, patterns predicted at regions linked to a selective sweep. DNA sequence polymorphism data were subsequently collected within this 14-kb region for three of the D. melanogaster populations. The sequence data strongly support the initial microsatellite findings; in the non-African populations there is evidence of a recent selective sweep downstream of the Notch locus near or within the open reading frames CG18508 and Fcp3C. In addition, we observe a significant McDonald-Kreitman test result suggesting too many amino acid fixations species wide, presumably due to positive selection, at the unannotated open reading frame CG18508. Thus, we observe within this small genomic region evidence for both recent (skew toward rare alleles in nonAfrican populations) and recurring (amino acid evolution at CG18508) episodes of positive selection.
T HE observed positive correlation between nucleotide diversity and the rate of crossing over at a locus in Drosophila melanogaster (Begun and Aquadro 1992) raised the possibility that within this species, the fixation of advantageous mutations has been frequent. The role of mutation in shaping the correlation has been rejected for Drosophila (no relationship between divergence and recombination; Begun and Aquadro 1992) . However, the relative roles of positive selection vs. the continuous removal of deleterious mutations (''background selection''; Charlesworth et al. 1993; Hudson and Kaplan 1995) are still debated (see Andolfatto 2001a and Aquadro et al. 2001) . Attempts to distinguish between these forces have led to results that are mixed or difficult to interpret (e.g., Aquadro et al. 1994; Begun and Whitley 2000a; Langley et al. 2000; Andolfatto 2001a,b; Nachman 2001; Kauer et al. 2002; Schöfl and Schlötterer 2004) .
While this debate continues, a growing number of studies show that positive selection has affected molecular evolution at specific genomic regions within D. melanogaster. These studies have largely been conducted at loci for which there were a priori expectations that advantageous fixations had occurred. Recent examples of such loci in Drosophila are Pgm (Verrelli and Eanes 2000) , Relish (Begun and Whitley 2000b) , mth (Schmidt et al. 2000; Duvernell et al. 2003) , desat2 (Takahashiet al. 2001) , and immunity-related proteins (Schlenke and Begun 2003) .
These results have motivated scans of the genome for patterns and levels of variability at multiple microsatellites and/or short segments of nucleotide sequence that might indicate recent positive selection (see review by Schlö tterer 2002a). The premise is that markers closest to the target of a sweep would show a reduction of variability and/or a nonequilibrium allele frequency distribution (depending on the strength of selection, time since the sweep, and regional rates of recombination; e.g., Kaplan et al. 1989) . Genome scans have been preformed in two ways. Some studies are based on coarse large-scale chromosomal or genome-wide scans of variation (e.g., Schlö tterer 2002b; Payseur et al. 2002; Glinka et al. 2003; Kauer et al. 2003; Kayser et al. 2003; Orengo and Aguadé 2004; Storz et al. 2004) . Others are based on genotyping markers in specific genomic regions. The primary goal of these studies is to localize, on a much finer scale, the specific targets of positive selection (Kohn et al. 2000; Nurminsky et al. 2001; Harr et al. 2002; Schlenke and Begun 2004) . Studies of this sort should shed light onto the types of genetic changes that have resulted in fitness differences within and between species. Here, we perform a fine-scale scan of microsatellite variability centered at the Notch locus region of the X chromosome in D. melanogaster.
Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. AY795911-AY795938. Notch was originally chosen for analysis because it was assumed to be evolving neutrally. However, we previously reported a significant Hudson-Krietman-Aguadé (Hudson et al. 1987) test result within exon 6 of the Notch locus (a region we previously called Notch 39; Bauer DuMont et al. 2004) . The deviation suggested either too little variability or too much divergence at this region of Notch. Synonymous site divergence is nearly three times higher than the average level observed between D. melanogaster and D. simulans at this region. In addition, further investigation revealed that positive selection has accelerated the fixation of some of these synonymous mutations (i.e., preferred and unpreferred along the D. simulans and D. melanogaster lineages, respectively; Bauer DuMont et al. 2004 ). Yet, aside from the accelerated divergence, there remained the observation of low levels of variability at Notch 39, especially when considering the moderately high recombination rate at Notch. Thus, we remained curious whether additional data could detect other patterns indicative of a recent selective sweep at the Notch region. To address this question, we performed a microsatellite genome scan within this region in D. melanogaster. We surveyed variation at nine microsatellites spanning a 60-kb region encompassing the Notch locus in four population samples of this species (Figure 1 ). The microsatellite data suggest that at least one selective sweep has occurred within an 14-kb window. Additional nucleotide polymorphism data were collected for a 10,558-bp segment within this putatively swept region in three populations of D. melanogaster (Figure 1 ). These data allow us to reject neutrality in favor of a model incorporating a recent selectively driven fixation downstream of Notch in at least some non-African populations. We also detect ongoing fixations of amino acid mutations due to positive selection at the open reading frame CG18508.
MATERIALS AND METHODS
Samples: Four population samples of D. melanogaster were surveyed for microsatellite variability. These include Zimbabwe (Sengwa Wildlife Research Institute), the United States (Arvin and Soda Lake, CA), Ecuador (Atacame), and China (Beijing). The Zimbabwe, United States, and China populations were also surveyed for nucleotide sequence variability across a 10,558-bp region including and extending downstream from the region we previously sequenced and had labeled Notch 39 (Bauer DuMont et al. 2004) . Collection data for these populations have been reported previously (Begun and Aquadro 1991 . For all populations, extracted X chromosome lines were used. Thus each line represents a single X chromosome from the respective populations. The sample sizes for the microsatellite study were 49, 34, 45, and 72 chromosomes for Zimbabwe, the United States, Ecuador, and China, respectively, while those for sequencing were 12, 12, and 15 chromosomes for Zimbabwe, China, and the United States, respectively. One allele from a United States population of D. simulans was also sequenced for the entire 10,558-bp region, and one allele from D. yakuba was sequenced for the CG18508 open reading frame.
Analysis of microsatellite variability: Cosmid clones 163A10 (accession no. AL035436) and 140G11 (accession no. AL035395) completely span Notch. After omitting overlapping regions, these clones cover a total of 76,889 bp of which 10,092 bp extend upstream (and centromere distal) of Notch, 35,367 bp encompass the Notch locus, and 31,430 bp extend downstream (and centromere proximal) of Notch. Using the ''find'' option of the DNASTAR program EditSeq, we searched this sequence for all dinucleotide motifs with lengths greater than five perfect repeats. Thirty-six repeats were found, nine of which were chosen for further analysis on the basis of their length and location. The microsatellites were named on the basis of their location (in kilobases) within the combined sequence of these clones. The microsatellites surveyed for variability are denoted as follows: 7.9, 28.6, 33.3, 37.3, 45.7, 46.8, 50.7, 57.8, and 67.8 . Thus, our microsatellite survey spans 59.9 kb, which corresponds to bases 2,891,188-2,953,111 of the D. melanogaster genomic scaffold (Release 3.2.1). The primers and conditions used to amplify these microsatellites can be found in the supplemental data (at http:/ /www.genetics.org/supplemental/). Forward primers were labeled with the fluorescent dye FAM (Applied Biosystems, Foster City, CA). PCR product lengths were determined on an ABI 373XL automated sequencer using the ABI programs Genescan and Genotyper.
The Bottleneck program (Cornuet and Luikart 1996) was used to evaluate the relationship between the observed number of alleles and expected heterozygosity at each microsatellite. We report the two-phase model results, which were determined under the default settings of the program (variance 30.0, probability 70%). The LnRV and LnRH tests (Schlö tterer 2002b; Kauer et al. 2003) were also applied to the microsatellite data to test for population-specific reductions in variability. The tests were performed by comparing our 9 Notch region loci to data from 118 other X-linked microsatellite loci reported by Kauer et al. (2003) . For these tests, levels of variability at monomorphic loci were adjusted by replacing one allele with another that is one repeat unit different from the original allele length, following the suggestion of Schlö tterer (2002b) and Kauer et al. (2003) .
Analysis of sequence polymorphism data: Six overlapping regions were amplified using PCR (Saiki et al. 1988) to result in 10,558 bp of sequence surveyed for variability in the United States and Zimbabwe population samples. This sequence includes and continues downstream from the region that we had previously surveyed and labeled Notch 39 (Bauer DuMont et al. 2004) . For the Chinese population only three additional segments were PCR amplified and sequenced, resulting in a total of four segments analyzed in this population. Information pertaining to these regions including PCR primer details can be found in the supplemental data (http:/ /www.genetics.org/ supplemental/). The total 10,558-bp region corresponds to bases 2,897,500 and 2,907,597 of the D. melanogaster genomic scaffold (Release 3.2.1).
Sequencing was performed by the Biotechnology Resource Center DNA Sequencing Facility at Cornell University (http:/ / www.brc.cornell.edu) using ABI chemistry and running products out on the ABI 377 or ABI 3700 machines. Both strands were sequenced in D. simulans. In D. melanogaster, the lines sequenced were each homozygous for a different X chromosome, so calling heterozygotes was not an issue. Roughly half of the region was sequenced on a single strand for this resequencing effort. Sequences were aligned using MegAlign of the DNASTAR software package and analyzed using the DnaSP 4.0 program (Rozas and Rozas 1997) . This program was used to calculate u and p, estimates of 3N e m (since the sequence is on the X chromosome). DnaSP 4.0 was also used to perform the following tests of the neutral theory: Tajima's (Tajima 1989 Hudson (2002) was used to determine the significance of these tests incorporating recombination. The recombination rate used for these data sets was R ¼ 333. These recombination rates were chosen because they are half the expected R for these regions given the sex-averaged genetic map-based recombination rate at Notch of r ¼ 2.1 3 10 ÿ8 recombinants/generation/bp (Hey and Kliman 2002) and an estimate of N e of 1 3 10 6 (Kreitman 1983) for D. melanogaster. This should be conservative with regard to detecting significant skews in the frequency spectrum.
We compared patterns of variability observed in our data to those from simulations to evaluate how extreme the empirical patterns are from that expected under the standard neutral model or different population bottleneck scenarios (details in results). Simulations were carried out using the ms program for a sequence of 10,558 bp and a recombination rate per region (R) of 665. Neutral steady-state simulations were conditioned on the number of segregating sites observed within the United States. We also considered 16 different bottleneck scenarios. In these simulations, the number of segregating sites in the United States was taken to represent that of the present population size, and the number of segregating sites observed in Zimbabwe was assumed to be representative of the ancestral population size prior to the bottleneck associated with the founding of the non-African populations. We simulated bottlenecks that occurred 5000, 7000, 10,000, or 20,000 years ago (50,000, 70,000, 100,000, or 200,000 generations ago, assuming 10 generations per year) as these bracket recently published estimates of the age of the out-of-Africa population bottleneck [a minimum of 6400 years ago (Baudry et al. 2004) ; 16,000 years or 0.021 3N e generations ago (Haddrill et al. 2005) ]. For each time point we simulated four different bottleneck reductions, which differed in strength and behavior (i.e., followed with or without exponential growth). The ms program performs simulations going backward in time for which changes in population size are relative to the present size. In the bottleneck simulations without exponential growth, a population of the size inferred for the United States remains constant until the specified time of the bottleneck upon which the population size instantaneously increases to that observed in Zimbabwe. Given that we observe 41% of the variation in the United States (147 segregating sites) as compared to Zimbabwe (362 segregating sites), by design, these simulations incorporate a bottleneck of 59% (100ÿ41%) and represent the least severe considered. We also simulated bottlenecks of greater severity. Moving backward in time, the population size shrinks such that at the time of the bottleneck the population size is 67, 75, or 99% smaller than that observed in Zimbabwe. At this point the population size instantaneously jumps to that observed in Zimbabwe. For each scenario, 1000 replicates were performed.
The composite likelihood method for detecting positive selection along a recombining chromosome of Kim and Stephan (2002) was applied to the entire 10,558-bp sequence. This method compares the likelihood of observed patterns of nucleotide sequence variation under either a selective sweep or a standard neutral model of molecular evolution. The objective is to determine whether a selective sweep has occurred and to predict the location of the target of the sweep if detected. The two programs needed to perform this test (i.e., clsw and ssw) were downloaded from http:/ /128.151.242.156/ orrlab/People_Yuseob.HTML. The clsw program performs the composite likelihood comparison. We used the u-1 option (resulting in u being estimated from our data directly) and a recombination rate (4Nr) of 0.063/bp and assumed that the mutation rate was uniform across the region. We placed no constraint on the localization of the target of any potential selective sweep (target could be placed anywhere within the 10,558-bp segment or outside of it). We used the version of the program that assumes that the derived state of a segregating site is known, which was deduced using comparisons to D. simulans. At segregating sites for which the derived state could not be determined in this manner (either because a third base was segregating in D. simulans or due to an insertion/deletion difference between the species) we assumed the base with the higher frequency to be ancestral. For the United States, 31 of 147 segregating sites analyzed fell into this category, while for Zimbabwe the number was 52 of 336. As noted by Kim and Stephan (2002) , this assumption will have little effect on detecting selection if the hitchhiking event was old. If the event was recent, the power of the analysis to detect positive selection is decreased. Therefore, this treatment of our data should be conservative. We deleted regions from analysis for which there were N 's (incomplete data) for some sequences within a population sample.
To determine the significance of the composite likelihood output of clsw, we produced 1000 neutral genealogies using the simulation program ssw as described in Kim and Stephan (2002) . These simulations were conditioned on the u value estimated from the original data. The outputs of the neutral simulations were subsequently run through clsw. To obtain a P-value, we determined how many of the 1000 neutral genealogies had a composite likelihood ratio equal to or greater than that observed for our data.
The msHH program of Przeworski (2003;  http:/ /email. eva.mpg.de/przewors/), a rejection-sampling method to estimate the age of a selective sweep, was also applied to the data. As detailed below, the results of the Kim and Stephan (2002) method suggest that a recent sweep has occurred within this 10,558-bp region. For the United States population, the Kim and Stephan (2002) method places the target of the sweep near a fixed difference observed between the African and nonAfrican populations. We applied the msHH method to the sequence 59 (the upstream region) and 39 (the downstream region) of this fixed difference. The method was applied in two ways. First, the program was run considering only the 1000 bp immediately flanking the fixed difference on each side. Second, the program was run considering the total upstream and downstream sequence. The input of the first 1000 bp upstream was as follows: 16 segregating sites, Tajima's D of ÿ1.140, and 5 haplotypes in a sample of 15. For the entire upstream region the input was as follows: the length of the region is 5423 bp, 56 segregating sites, Tajima's D of ÿ0.840, and 15 haplotypes in a sample of 15. The input of the first 1000 bp downstream was 18 segregating sites, Tajima's D of ÿ1.504, and 6 haplotypes in a sample of 15. For the entire downstream region the input was as follows: the length of the region is 5135 bp, 91 segregating sites, Tajima's D of ÿ1.186, and 15 haplotypes in a sample of 15. For all regions 2000 accepted trials were obtained with the tolerance of Tajima's D (one criterion to determine acceptance) set at 0.10. The following estimates were used as the mean of the prior distributions: mutation rate of 1 3 10 ÿ8 /nucleotide/generation, recombination rate of 2.1 3 10 ÿ8 recombinants/bp/generation, and effective population size of 7.5 3 10 5 (the latter being the X chromosome effective population size).
RESULTS
Microsatellite variability: Nine dinucleotide repeats selected from genomic sequence to be distributed across a 60-kb region encompassing the 30-kb Notch gene ( Figure 1 )were sampled for length variation in population samples of D. melanogaster from Zimbabwe, the United States, Ecuador, and China. Table 1 lists measures of variability for each of the microsatellites in each population (see Table S1 in supplemental data at http:// www.genetics.org/supplemental/ for the distribution of PCR fragment lengths). For these nine loci, the nonAfrican populations harbor on average fewer alleles and have lower heterozygosity than the Zimbabwe population. Of particular note is a localized reduction of variability apparent in Figure 2 . All populations show some reduction in heterozygosity for microsatellites 33.3-46.8. However, microsatellites are notoriously heterogeneous in mutation rate among loci due particularly to different numbers of perfect repeats (e.g., Brinkmann et al. 1998; Schug et al. 1998; Bachtrog et al. 2000; Ellegren 2000) . To circumvent this difficulty, we evaluated whether the neutral relationship between the number of alleles at a locus and the frequency distribution of those alleles (as measured by heterozygosity) were met at each microsatellite. We assess significance of a departure using the computer program Bottleneck (Cornuet and Luikart 1996) . This program evaluates the probability of observing the expected heterozygosity at individual loci on the basis of allele frequencies given the observed number of alleles assuming a two-phase mutation model (i.e., majority of microsatellite mutations are stepwise but occasionally a larger jump in allele length occurs; results were similar when a stepwise model was assumed). A deficiency of heterozygosity (negative DH/sd value) indicates an excess of lowfrequency alleles and would be consistent with linkage to a recent selective sweep.
Bottleneck results for the nine Notch region microsatellites are given in Table 1 and depicted in Figure 2 . In all of the non-African populations there is a cluster of microsatellites for which we observe strongly negative DH/sd values (the United States and China) or no variation (Ecuador). While none of the microsatellites reject neutrality when evaluated as a two-tailed test (with significance cutoff of 0.025), the departure is close to significant at microsatellite 45.7 in the United States and at microsatellite 33.3 for the United States and Chinese populations. Zimbabwe lacks the strong tendency of negative DH/sd values in the center of the region surveyed (microsatellite loci 33.3-46.8).
We also applied the LnRV and LnRH multilocus tests (Schlö tterer 2002b; Kauer et al. 2003) to our microsatellite data. The goal of these tests is to detect loci that are outliers to the distribution of the ratio of microsatellite variation observed across loci when one population is compared to another (variation being measured as either variance in repeat number or expected heterozygosity per locus, respectively). Loci that are significant outliers show a population-specific excess or deficiency in variation, which is interpreted as the signature of population-specific balancing or directional selection in that region of the genome. We compared the microsatellites at Notch to a set of 118 X-linked loci surveyed for variation in population samples from Zimbabwe and Europe (Kauer et al. 2003 ; Figure 1 .-Schematic of the Notch locus region. The location of the open reading frames within the region are depicted using solid boxes to represent the exons and a horizontal line to connect exons from the same coding region. Arrows depict the strand from which each locus is transcribed. Arrows pointing to the right indicate the locus is on the forward strand and those to the left the reverse. Also shown are the locations of the sequence data (lines) and microsatellites (stars). Along the bottom is a numbering system scale for the microsatellite and DNA sequence data, which is used in subsequent figures. The numbering systems start at the beginning of exon 3 of Notch, which is where we have additional sequence data from another study (Bauer DuMont et al. 2004). data from supplemental material at www.genetics.org/ cgi/content/full/165/3/1137/DC1). To perform the tests, our data from the United States, China, and Ecuador were individually combined with the European data of Kauer et al. (2003) and were compared to the combined Zimbabwe data set. Results of these tests are reported in Table 1 .
The LnRV test indicates a significant deficiency of variation in the United States at microsatellites 45.7 and 46.8. Interestingly, the LnRH test indicates that microsatellite 37.3 has a significant excess of variation in the United States compared to Zimbabwe. The excess expected heterozygosity at this one locus is due to the presence of only two intermediate frequency alleles in the United States sample. In Ecuador, microsatellites 7.9 and 45.7 show a significantly reduced level of variation with the LnRH test. The LnRV test similarly reveals that microsatellites 7.9, 45.7, and 46.8 are significantly less variable in Ecuador compared to Zimbabwe. All three of these microsatellites are monomorphic in our Ecuador sample but show ''normal'' levels of variation in Zimbabwe. While our China sample shows a similar pattern of reduced variation at some of these loci, they are not significant outliers in the LnRV or LnRH tests comparing China to Zimbabwe. These tests can be taken only as suggestive since for our non-African populations, we are comparing Notch-region microsatellite variation within the United States, Ecuador, and China to variation observed at other X-linked microsatellites found in European samples. Nonetheless, taken together, the results of the Bottleneck, LnRV, and LnRH tests point to an 14-kb window with unusual levels and frequency distributions of microsatellite variability suggestive of one or more recent selective sweeps in the non-African populations (Figure 2 , Table 1 ).
Nucleotide sequence data: To evaluate whether positive selection played a role in the 14-kb window of reduced and/or skewed microsatellite variability, we assayed nucleotide sequence variation across a 10,558-bp segment. This region includes the 39-end of Notch plus four open reading frames just downstream of the Notch transcript (Figure 1) . We note that this sequence includes only the last 4.4 kb of the 14-kb window. We focused on this region because it includes the Fcp3C protein.
Given this protein's expression during the formation of the follicle cuticle, it belongs to a class of proteins often found to be rapidly evolving due to positive selection (e.g., Tsaur and Wu 1997; Swanson et al. 2001; Swanson and Vacquier 2002) . Nucleotide variability was surveyed beyond microsatellite 46.8 (the most In the Zimbabwe and United States population samples a region spanning 10,558 bp was sequenced. For the Chinese population, we sequenced three segments (in addition to the region previously labeled Notch 39) resulting in a total of 5 kb surveyed within the 10,558-bp segment. We labeled the regions sequenced in China: Notch 39, the CG18508 region, the Fcp3C region, and the 39 region, which corresponds to the last 2 kb of the 10,558-bp sequence.
The segregating sites within this 10,558-bp region in the D. melanogaster populations are represented in Figure S1 in supplemental data at http://www.genetics. org/supplemental/. The levels of variability and results of tests of neutrality considering the site frequency spectrum are given in Table 2 . As has been previously observed at X-linked loci (e.g., Begun and Aquadro 1993; Andolfatto 2001b; Glinka et al. 2003) , the United States population harbors less variation than Zimbabwe. All frequency spectrum-based tests of neutrality are negative in the United States and Zimbabwe across the total 10,558 bp. When the neutral cutoff of these statistics is determined by simulating neutrality with recombination, Fu and Li's D is significantly negative across the region in Zimbabwe. Both Tajima's D and Fay and Wu's H are significantly negative in the United States. The results in both populations remain significant after correcting for multiple tests indicating both an excess of rare alleles and high-frequency-derived mutations in the United States and an excess of young (rare) segregating variants in Zimbabwe across this 10,558-bp sequence in D. melanogaster. In China the test statistics are negative at the Notch 39, CG18508, and Fcp3C regions and are positive at the 39 region. After multiple testing corrections, none of the tests is significant in this population. The non-African population results are in agreement with the microsatellite survey. The Zimbabwe results were unexpected, as we did not detect a skew in the frequency spectrum with the microsatellite Bottleneck analysis. Figure 3 depicts sliding window plots of variability, total divergence, Tajima's D, Fu and Li's D, and Fay and Wu's H across the 10,558-bp sequence for the United States and Zimbabwe populations. Fluctuations in variation do not correspond to coding and noncoding boundaries. In Zimbabwe, the fluctuations in variability follow the fluctuations of divergence very closely, except within the Notch locus where divergence is very high and synonymous sites are not evolving neutrally (Bauer DuMont et al. 2004) . All the test statistics tend to be negative on average but Fu and Li's D is more consistently negative across the region.
In the United States, fluctuations in levels of variation depart dramatically from levels of divergence between coding regions CG18508 and Fcp3C. Within this region we observe a valley of variability but a peak in divergence. We also observe a prominent valley in the Tajima's D and Fay and Wu's H statistics within this region. These test statistic results are strongly influenced by a 1.3-kb region for which all the variability is observed P-values were obtained from coalescent simulations (see materials and methods) and are the proportion of simulations that the statistic was equal to or less than the value observed. Numbers not in parentheses are from simulations without recombination and numbers in parentheses are from simulations with R ¼ 333 for the United States and Zimbabwe populations and R ¼ 70 for China (the smaller value in China due to shorter length of sequence analyzed). n, the number of chromosomes sampled for each population; S, the number of segregating sites; u w , Watterson's theta; p, the pairwise number of differences. *Significant after a Bonferroni correction for multiple tests.
a The values for each segment sequenced are listed individually. b Notch 39 corresponds to the first 1.5 kb of 10.5-kb segment and is from Bauer DuMont et al. (2004) in one individual allele (USA16; Figure S1 in supplemental data at http:/ /www.genetics.org/supplemental/). However, the tests remain significant even when this individual is removed from the analysis showing that the tendency for variants to be rare is true for the entire sample. Data from China are consistent with the patterns observed in the United States. The Fcp3C segment in this population has lower variability and has a greater skew in the frequency spectrum toward rare alleles compared to the adjacent segments. These data suggest that the non-African populations sampled have undergone a recent perturbation of gene genealogies consistent with a selective sweep between bases 14,000 and 20,000 of our sequence. Interestingly, within this region is a 811-bp region (between bases 17,210 and 18,020) with no variation within the United States population and two fixed differences between the African and non-African populations (all but 100 bp of this gap has been surveyed in China with no variation observed).
We used the ms program of Hudson (2002) to test whether observing an 811-bp region of no variation is expected when the variation is neutral and at mutationdrift equilibrium, as well with a recent population bottleneck. Bottlenecks were considered because non-African populations of D. melanogaster are thought to have recently expanded out of Africa possibly associated with a founder effect (David and Capy 1988; Lachaise et al. 1988; Baudry et al. 2004) . Genealogies were constructed under a standard steady-state neutral model as well as with varying strengths and time since a bottleneck followed with or without exponential growth (see materials and methods). All simulations were conditioned on the total number of segregating sites observed across the 10,558-bp sequence in the United States. The ms program assumes that the mutation rate is uniform across the sequence, which appears valid given that divergence across this gap of variation between the CG18508 and Fcp3C open reading frames is not reduced (Figure 3) . Results from the simulations are given in Table 3 . Only 7 of 1000 steady-state genealogies had a gap of variation of $811 bp (P ¼ 0.007). Only for bottlenecks with a 99% reduction 7000, 10,000, or 20,000 years ago do we observe a gap of variation of $811 bp above the 5% level. Kim and Stephan (2002) proposed a composite likelihood analysis for the detection and localization of the targets of recent selective sweeps. Their method compares the likelihood of the distribution of variation and its frequency spectrum observed across a region of the genome under a selective sweep model compared to that under an equilibrium neutral model. In Zimbabwe we cannot reject neutrality (likelihood ratio of 6.00, Pvalue of 0.447). However, the United States data strongly reject the standard neutral model (likelihood ratio of 26.84, P-value , 0.001) in favor of a model with a single recent selective sweep. The test remains significant even when the analysis is done without the USA 16 allele that contributes all of the variation for a 1.3-kb segment corresponding in part to the large valley in Tajima's D and Fay and Wu's H in Figure 3 (likelihood ratio of 11.76, P-value , 0.001). In China we could perform the test with only six alleles because they were the only ones sequenced consistently across all regions (due to fly lines and DNA no longer being available). Even though we expect the power of the Kim and Stephan method to be compromised by a smaller sample size, we also observe a significantly better fit to selection in this population (likelihood ratio of 5.51, P-value of 0.039). For each simulation scenario we list the proportion of replicates that had a gap of variation or likelihood ratio as extreme as observed in our United States data. All simulations were performed such that 147 segregating sites are observed across a 10,558-bp region. Time since the bottleneck in units of 3N e generations assumes 10 generations per year and an effective population size of 1 3 10 6 . a, the decay rates in the bottleneck simulations moving backward in time (if no decay rate was incorporated into the simulation, -was placed in this column).
The likelihood ratio surface indicating the location of the target of the selective sweep in the United States and Zimbabwe populations is shown in Figure 4 . The likelihood surface for Zimbabwe is flat. The pattern is strikingly different for the United States with a single major peak in the likelihood surface. The location for the target of the selective sweep in the United States sample is predicted to be at or near position 17,607. For the more limited data from China, the predicted target is at or near position 18,499. In the United States the predicted target is between the open reading frames CG18508 and Fcp3C and is within the 811-bp gap of variation. Given the orientation of these coding regions (Figure 1 ), the target is 59 of CG18508 and 39 of Fcp3C. In China the target is predicted to be within the first exon of Fcp3C. We note that the target in the United States is 59 of the deepest valleys of the Tajima's D and Fay and Wu's H. As previously mentioned, this pattern is due to all of the segregating sites being present on a single allele, presumably due to recombination or gene conversion during the sweep. Thus this region is predicted to be adjacent to, but not contain, the target of the sweep.
Could a recent population bottleneck associated with the out-of-Africa expansion of D. melanogaster lead spuriously to the significant rejection of neutrality we obtained using the Kim and Stephan likelihood ratio test? To evaluate this possibility, we applied their test to each of the individual output simulations obtained for various bottleneck scenarios reported in Table 3 . Only for a bottleneck with a 99% reduction 10,000 years ago (0.033 3 3N e generations ago) do we observe likelihood ratios as large as those of the United States (barely) above the 5% level (proportion 5.1%; Table 3 ). As has been previously noted (Jensen et al. 2005) , such bottlenecks appear to be the most confounding with regard to distinguishing between demographic evolutionary histories from those involving positive selection. To the extent that the major ''out-of-Africa'' bottleneck occurred ,10,000 years ago, as estimated by Baudry et al. (2004) , the reduction and skew in variation that we observe just downstream of Notch are most consistent with the action of positive selection.
The Kim and Stephan (2002) method assumes that the selective sweep has just completed. However, it is of interest to estimate a more precise age. Przeworski (2003) has proposed a resampling method to estimate the time since a predicted selective sweep. This is done by repeatedly constructing genealogies on the basis of the prior distributions of such parameters as the time since a sweep, the strength of selection, mutation rate, recombination rate, and effective population size. Genealogies, and thus the parameters used to generate them, are accepted as potential forces shaping the observed patterns of variation if the number of segregating sites, the number of haplotypes, and the frequency spectrum as parameterized by Tajima's D match what is empirically observed in the data. To apply this method to our data we assumed that the fixed difference between the United States and Zimbabwe populations at position 17,604 is the target of the sweep that appears to have affected the non-African populations sampled. We assume this because the fixed difference is within the 811-bp gap of variability and is 3 bp away from the target predicted by the Kim and Stephan method. Data 59 of position 17,604 were called the ''upstream region'' and data 39 the ''downstream region.'' We analyzed the first 1000 bp flanking both the fixed difference and the total upstream and downstream regions. Analysis was performed looking at upstream and downstream regions separately because this method considers only one direction from the target. Przeworski (2003) considers a sweep to be recent if the mode of the estimated age in units of 4N generations (3N for X-linked loci) is 0.25 (a quarter of the time expected under the neutral theory). The mode for the age for the first 1000 bp upstream is between 0 and 0.05 and for the first 1000 bp downstream is between 0.15 and 0.25. As the Przeworski method also estimates the effective population size we can convert these estimates to the number of generations. An age of 20,000 and 35,000 generations ago is predicted for the first 1000 bp upstream and downstream, respectively. The total upstream and downstream segments predict an age between 200,000 and 300,000 generations ago. A predicted older age for the total upstream and downstream analyses was expected as they include regions apparently unaffected by the sweep (i.e., ends of the sequence, see Figure 3 ). Assuming 10 generations per year, this sweep is estimated to have completed between 2,000 and 30,000 years ago when considering both the 1000 bp and total sequence analyses.
Another parameter of interest concerning the putative sweep is the strength of selection (s). With the Przeworski (2003) method, s ranges between 0.00007 and 0.05. The average s is 0.026 for both the total upstream and downstream analyses and 0.016 and 0.015 for the first 1000 bp upstream and downstream, respectively. The estimate of 1.5N e s from the Kim and Stephan (2002) method is 757 for the United States population. If we assume an effective population size (N e ) of 1 3 10 6 , s is estimated to be 0.0005; if we assume a N e of 1 3 10 5 , s is 0.005. We tested all coding regions within the sequence for evidence of rapid amino acid evolution using the McDonald-Kreitman test (McDonald and Kreitman 1991) . The tests were performed combining data across the populations (Table 4) . Most coding regions within this 10,558-bp segment do not depart from neutral expectations. However, we observe a significant departure at CG18508, indicating an acceleration of amino acid fixations or an excess of synonymous polymorphisms at this locus. Synonymous sites are often assumed to be evolving neutrally although this has been shown not be the case at some loci in Drosophila (e.g., Shields et al. 1988; Kliman and Hey 1993; Akashi 1994; Bauer DuMont et al. 2004) . However, there is no evidence that synonymous sites have been affected by positive selection at CG18508 using the method of Bauer DuMont et al. (2004) , suggesting that the McDonaldKreitman test results are due to an acceleration of amino acid fixations at CG18508.
D. yakuba was used as an outgroup to infer on which lineage each fixed difference occurred between D. melanogaster and D. simulans. This was done to determine if the amino acid fixations have occurred equally along each species' lineage. Five of the nonsynonymous fixed differences occurred along the D. melanogaster lineage while seven were inferred to have occurred on the D. simulans lineage. The nonsynonymous fixations thus appear to have occurred equally along each of these species' lineages. When considering only the fixations that have occurred along the D. melanogaster lineage, the McDonald-Kreitman test is close to being significant (nine synonymous polymorphisms and four synonymous fixed differences compared to one nonsynonymous polymorphism and five nonsynonymous fixed differences; Fisher's exact test P-value ¼ 0.057). We note that the small numbers mean that there is little statistical power to reject the null hypothesis in this lineage-specific analysis. However, the results are in the same direction as the unpolarized analysis shown above suggesting that CG18508 has experienced an elevated number of amino acid fixations due to positive selection specifically in D. melanogaster.
DISCUSSION
We report two lines of evidence suggesting that positive selection has occurred downstream of the Notch locus in D. melanogaster. First, the microsatellite and sequence surveys of variability support the hypothesis that a recent selective sweep has occurred in the non-African populations sampled. Second, there appears to be a specieswide acceleration of amino acid fixations due to positive selection at locus CG18508.
On the basis of microsatellite and nucleotide polymorphism data, the Zimbabwe population conforms, for the most part, to neutral expectations across the 10,558-bp region extending downstream of Notch. The exception is the significantly negative Fu and Li's D-test statistic across the entire region. While this is a pattern expected during the recovery phase after a sweep, none of the other tests detects such a departure within this population, and the test is uniformly negative across the region. This pattern would also be consistent with a recent population expansion, and recent studies indicate that this population has experienced such a population perturbation (Glinka et al. 2003; F. A. Reed, R. Neilsen and C. F. Aquadro, unpublished data) . Thus to date, the most compelling explanation for the patterning of variation observed at this region within this population is neutrality coupled with a population expansion.
On the other hand, there is strong evidence at the polymorphism level for a recent sweep in the nonAfrican populations. The microsatellite and nucleotide sequence data reveal a localized reduction of variability and a skew in the frequency spectrum toward rare alleles centered at the 39-end and downstream of the Notch locus. These data result in a significant Kim and Stephan (2002) test with the target of the sweep near CG18508 and Fcp3C. The predicted sweep appears to be young as estimated from the Przeworski (2003) method. The estimated age between 2000 and 30,000 years ago corresponds to when D. melanogaster is thought to have expanded out of Africa (David and Capy 1988; Lachaise et al. 1988 ) and is consistent with many studies, suggesting a high rate of selective sweeps in nonAfrican populations of D. melanogaster (e.g., Begun and Aquadro 1993; Verrelli and Eanes 2000; Takahashi et al. 2001; Andolfatto 2001b; Harr et al. 2002; Kauer et al. 2002; Glinka et al. 2003; Kauer et al. 2003; Orengo and Aguadé 2004) . We consider below the possibility that nonequilibrium demography has confounded our results.
We next consider the significant McDonald-Kreitman test result at the 99 amino acid-predicted protein-coding gene CG18508. Given that there is no evidence of selection affecting synonymous site evolution at this locus, we conclude that in D. melanogaster there has been an acceleration of amino acid fixations due to positive selection. At present, no biological function has been attributed to this coding region. However, its homolog can be found in the D. pseudoobscura genomic sequence, and expressed sequence tags (ESTs) have been detected in D. melanogaster (two in the embryo, two in adult testes, and one from the adult head; FlyBase Consortium 2003) . The only functional domain identified for CG18508, using SignalP 2.0 (http:/ /www.cbs.dtu.dk/ services/SignalP-2.0/), is a signal sequence at the Nterminal end of the 99 amino acid protein in both the D. melanogaster and D. pseudoobscura sequence.
Could the selective fixation of amino acids at CG18508 be the source of the recent sweep detected in the nonAfrican populations? The McDonald-Kreitman results suggest a species-wide phenomenon as there are no fixed amino acid differences between the non-African and African populations. In contrast, the strongest evidence of a recent sweep from polymorphism data is found only in the non-African populations. Therefore, we feel that there are two likely explanations for the pattern of polymorphism in non-African populations: (1) a selectively driven fixation adjacent to the CG18508 coding region possibly due to an advantageous regulatory variant or (2) nonequilibrium population history of the non-African populations.
It is assumed that non-African populations of D. melanogaster are recently derived from an ancestral species range in Africa (David and Capy 1988; Lachaise et al. 1988) . As a result non-African populations may have historically experienced bottlenecks, admixture, and/or population expansion. A growing number of studies describe how such demographic effects perturb the tests used in this study to detect deviations from a Wright-Fisher equilibrium population model. For example, Przeworksi (2002) Fu and Li 1993; Fay and Wu 2000; Wakeley and Aliacar 2001; Wakeley 2003) . Also, the Kim and Stephan method has a high false positive rate in the presence of strong population bottlenecks or population structure with low migration rates ( Jensen et al. 2005) . Interestingly, demographic effects are not thought to strongly affect the McDonald-Kreitman test when implemented as simply a test of the neutral theory (Wakeley 2003 ; but see also Eyre-Walker 2002) .
The effect of potential bottlenecks on our inference of positive selection depends on their strength and age (Table 3 ; Jensen et al. 2005) . DNA variability at multiple loci for non-African and African samples of D. melanogaster appears most consistent with a relatively severe and recent (on the order of 0.02 3 3N e generations ago) out-of-Africa bottleneck (Baudry et al. 2004 ; see also Haddrill et al. 2005) . The patterns of variability across the 10,558 bp studied here in the United States population appear more reduced and skewed than can be explained by such a severe and recent bottleneck alone. As noted in Table 3 , a Kim and Stephan likelihood ratio of 26.848 or higher is observed at most 0.02% of the time for a severe bottleneck, 0.023 3 3N e generations ago. Also, the United States and Chinese data do not reject a recently proposed goodness-of-fit test of Jensen et al. (2005) . The data are found to fit the selective sweep model of Kim and Stephan (2002) significantly better than a general evolutionary model, which could include nonequilibrium demography and/or population structure. Therefore, a recent selective sweep remains the most likely explanation for the window of reduced and skewed polymorphism in the CG18508 region of D. melanogaster in the non-African populations sampled.
What might be the selective target of this putative sweep? Four fixed differences between the African and non-African populations within the 10,558-bp segment are observed. One is within the 39-end of Notch (position 14,203), two are located within the 811-bp gap of variability in the United States population (17,433 and 17,604) , and the other is located 59 of Fcp3C (position 19,095). Only two of these fixed differences (14,203 and 17,604) have the derived mutation in the non-African populations. Interestingly, the 17,604 fixed difference is within the 811-bp gap of variability and is relatively close to the predicted target of the sweep estimated from the Kim and Stephan method (895 bp from the predicted site in China and 3 bp from the prediction in the United States).
We searched for transcriptional binding sites in the noncoding sequence between CG18508 and the Fcp3C protein using the web-based program MatInspector (http://www.genomatix.de/cgi-bin/matinspector/ matinspector.pl). The fixed difference at position 17,604 is within the active site of a putative Caudal transcription factor binding domain and is predicted only in the non-African populations. Caudal is expressed in the embryo, during oogenesis, and in the adult testes, which corresponds to when and where CG18508 and Fcp3C are expressed. Therefore, the recent sweep out of Africa could be due to a change in expression level between populations at either CG18508 or Fcp3C. A similar result has been reported by Odgers et al. (2002) who demonstrated a selectively driven change in promoter sequence (and possibly expression levels) at Esterase 6 between African and non-African populations of D. melanogaster. In addition, there is evidence for a weak correlation between gene expression evolution and protein evolution in yeast and worms (Gu et al. 2002; CastilloDavis et al. 2004 ) that may suggest a link between rapid amino acid evolution at CG18508 and regulatory sequence evolution nearby. Future work will attempt to verify this potential Caudal transcriptional binding site difference between African and non-African populations of D. melanogaster.
We note that between this study and that of Bauer DuMont et al. (2004) we detect evidence of the action of positive selection acting over time at synonymous sites within Notch, at nonsynonymous sites within CG18508, and of a recent sweep in non-African populations within the CG18508 region. Thus, three apparently independent scenarios suggest the action of positive selection within this 10,558-bp segment.
How does this density of positive selection compare to that inferred as necessary to explain the genome-wide correlation between polymorphism and recombination in D. melanogaster? We assume that only two of the three aforementioned scenarios are the result of the fixation of mutations with a selection coefficient large enough to play a part in the correlation between variability and recombination (i.e., recent sweep downstream of Notch and McDonald-Kreitman results at CG18508). At CG18508, 16 nonsynonymous fixations separate D. melanogaster and D. simulans. Given the ratio of polymorphic to divergent synonymous sites at this locus (nine polymorphic vs. eight divergent) we would have expected, under the neutral theory, roughly one nonsynonymous fixation relative to the one nonsynonymous polymorphism observed. Considering both the results at CG18508 itself and the results of the recent selective sweep that appears to be centered upstream of this open reading frame, we crudely infer between 2 and 15 fixations due to ''strong'' positive selection have occurred within this 10.5-kb region. Using the method proposed by Kim and Stephan (2000) to estimate the frequency and intensity of positive selection in the presence of background selection, Andolfatto (2001a) simulans, and D. yakuba. The former two species are thought to have diverged 2.5 MYA, which, assuming 10 generations per year, means a total divergence time of 5.0 3 10 7 generations. For a region of the size we have studied downstream of Notch (10,558 bp), we would thus expect totals of 528, 5.3, 2.6, or 0.5 beneficial substitutions to have accumulated along the total lineage separating contemporary D. melanogaster and D. simulans. These estimates bracket the number that we have inferred in our present analysis for the 10.5-kb region downstream of Notch. Broader genome scans of the X chromosome in D. melanogaster that have scanned from 29 to 109 microsatellites or sequenced regions also have found numerous putative sweep targets (Harr et al. 2002; Glinka et al. 2003, Orengo and Aguadé 2004) . Additional high-resolution molecular population genetic studies of high-recombination regions of the genome will help refine our knowledge of the nature and frequency of adaptive fixations.
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